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Abstract
There is a current debate whether the human brain possesses a shared representation for various types of magnitude such as numerical

quantities, physical size, or loudness. Here, we critically review evidence from chronometric, neuroimaging, developmental and comparative

fields, and supplement it with a meta-analysis of the neuroimaging data. Together, based on such an integrative overview, we discuss limitations

inherent in each approach, and the possibility whether shared, or distinct magnitude representation, or both representations exist.
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1. Introduction

‘‘Number is the within of all things’’ Pythagoras of Samos
We are incessantly comparing things in our environment.

Did we receive the correct amount of change in the cafeteria?

Which one of two quarreling brothers is taller? Is the music of

the next-door neighbor quieter after we ask him to reduce it?

There are countless examples. How do we represent all these

different stimuli; how does the human brain process these

quantities; and is there only one shared representation for

magnitude in the brain, or are different dimensions represented

by different neuronal populations in the same brain area? These

questions are fundamental to understanding how numerical and

other quantity-related information is processed by the brain.

Human processing of numbers has intrigued researchers

from various disciplines such as anthropology (Urton and

Brezine, 2005), linguistics (Gordon, 2004; Pica et al., 2004;

Wiese, 2003), psychology (Gallistel and Gelman, 1992;

Gelman and Butterworth, 2005; Moyer and Landauer, 1967),

and cognitive neuroscience (Brannon, 2006; Dehaene et al.,

2003; Fias et al., 2003; Nieder, 2005). Previous reviews focused

on the question whether the same representation exists for

different notations of numbers (i.e., the issue of abstract

numerical representation; Brannon, 2006; Dehaene et al.,

1998). In this paper we focus on the question whether the same

representation exists for numbers and other types of magnitude.

Namely, we review behavioral, neuroimaging, developmental

and comparative studies. By doing so, we try to resolve the

question whether we represent numbers in a distinct way

(henceforth, distinct magnitude representation), or whether the

same representations are involved in the processing of numbers

and any other kind of non-numerical magnitude (henceforth,

shared magnitude representation). Knowledge about the

specificity of numerical processing is of importance in regard

to our understanding of the human brain, evolution and the

development of numerical understanding. Because our goal is

to bring together evidence emanating from different fields of

research, we will be considering both the mental processes and

representations involved, as well as the neuronal substrates

subserving these given processes and representations.

2. Behavioral debates

The question whether we have different magnitude

representations for each type of quantity information, or

alternatively, we possess one unified magnitude system serving

all sorts of quantity input formats, has been the focus of much

research during the last decade. This research culminated in the

ATOM (a theory of magnitude) model introduced by Walsh

(2003), which proposes a system of generalized magnitude

representations serving diverse quantifiable dimensions (i.e.,
number, space and time). To investigate the feasibility of such a

shared magnitude representation as opposed to a distinct

magnitude representation point of view, we will consider in this

section behavioral studies that show commonalities between

numerical and non-numerical magnitude dimensions. First, we

will look at behavioral studies that show similar effect patterns

but with different magnitude dimensions. Second, we will

consider studies in which interactions between numerical and

non-numerical magnitude dimensions are found.

As we will show, evidence emerging from these studies can

be interpreted in two ways: either numbers and other non-

numerical magnitudes are represented via a shared magnitude

system, or alternatively, the mechanisms used by these

dimensions are shared across dimensions in the sense that

the same mechanisms (e.g., comparison mechanism, response

selection) operate indistinctly on different kinds of magnitude

representations.

2.1. Similar effect patterns with different kinds of quantity:

the distance, size and SNARC effects

In the late 1960s and early 1970s, the idea emerged that

mental number processing involves a mental number line on

which numerical magnitude is represented (Moyer and

Landauer, 1967; Restle, 1970). The spatial organization of

numerical information on the number line causes some specific

effects. One of the most robust examples in this regard is the

numerical distance effect (Moyer and Landauer, 1967): it is

easier to compare numbers that are quantitatively farther away

from each other than numbers that are quantitatively closer to

each other (e.g., people respond faster to the largest number

when viewing 8 and 2, compared to when they are presented

with the numbers 4 and 2). Another typical effect found when

comparing numerical magnitude is the size effect, that is,

comparing numbers becomes increasingly difficult the larger

they are, even when the distance between them is kept constant

(e.g., comparing 8 and 9 is more difficult than comparing 2 and

3). A third effect, which is also based on the close relation

between numbers and space, is the SNARC effect (spatial

numerical association of response codes) (Dehaene et al., 1993;

for reviews see Fias and Fischer, 2004; Gevers and Lammertyn,

2005). It refers to the observation that participants are faster to

respond to small numbers with left-hand responses compared to

right-hand responses, and faster to respond to large numbers

with their right hand than with their left hand. According to

Dehaene et al. (1993), this interaction between numbers and

space is directly related to the left-to-right orientation of the

metaphorical mental number line (smaller numbers on the left,

larger numbers on the right), and they suggested that this

specific orientation is formed by cultural factors such as general

writing direction (see also Zebian, 2005).



Table 1

Studies investigating or reporting (a) a distance or (b) a size effect on different dimensions and with different stimuli

Dimension Stimuli Task Authors

(a) Distance effect

Magnitude Digits Comparison Buckley and Gillman (1974), Moyer and

Landauer (1967) and Pinel et al. (2004)

Numerosities Sorting Crossman (1955)

Numerosities Comparison Buckley and Gillman (1974)

Two-digit numbers Comparison Restle (1970)

Area Geometrical shapes Order comparison Fulbright et al. (2003)

Size of symbols Comparison Pinel et al. (2004), Cohen Kadosh et al. (2005),

Kaufmann et al. (2005) and Tang et al. (2006)

Length Lines Comparison Henmon (1906), Johnson (1939) and Birren and

Botwinick (1955)

Luminance Digits with different luminance levels Comparison Cohen Kadosh et al. (2005), Cohen Kadosh

and Henik (2006) and Pinel et al. (2004)

Social status Navy ranks/academic occupational positions Comparison Chiao et al. (2004)

Time Duration of sequences Comparison Dormal et al. (2006)

Pitch Tones of different frequency Comparison Henmon (1906) and Rusconi et al. (2006)

(b) Size effect

Magnitude Two-digit numbers Comparison Restle (1970)

Digits Comparison Buckley and Gillman (1974) and Parkman (1971)

Numerosities Comparison Buckley and Gillman (1974)

Area Angle width Comparison Fias et al. (2003)

Length Line length Comparison Fias et al. (2003)
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All the numerical effects described before are a result of the

representation that underlies them. Therefore it is interesting to

explore if other non-numerical magnitude dimensions also show

the typical effect patterns exposed by numbers. It is clear that

even though the distance and size effects are typical examples of

behavioral number effects, they are not exclusively observed

with numbers (see Table 1). Already in 1906, Henmon exposed

pairs of lines to subjects, asking them to decide which is the

largest by pressing one of two morse keys. He found that reaction

times tend to rise when the discrimination becomes finer (see

Welford, 1960). Since then, the distance effect has been shown

many times using pairs of lines (e.g., Johnson, 1939; Fias et al.,

2003). However, there are numerous examples of other stimuli

that show a distance and/or size effect (Table 1). In fact, the

distance effect is observable with any psychophysical quantity

dimension such as size of geometrical shapes (Fulbright et al.,

2003), size of symbols (Cohen Kadosh et al., 2005; Kaufmann

et al., 2005; Pinel et al., 2004; Tang et al., 2006), luminance
Table 2

Studies investigating the SNARC effect with different kinds of stimuli

Stimuli Task

Numbers Parity

Phoneme monitorin

Orientation detectio

Parity

Days of the week Comparison to stan

Distance on a imagined ruler Comparison to stan

Hours on an imagined analog clock Comparison to stan

Letters of the alphabet Comparison to stan

Months of the year Comparison to stan

Tone height Comparison to stan
(Cohen Kadosh and Henik, 2006; Cohen Kadosh et al., 2005;

Pinel et al., 2004) and pitch height (Rusconi et al., 2006). In this

last study, subjects compared the pitch of variable frequency

tones with that of a fixed reference. The result was that subjects

were faster and more accurate when the difference between the

pitch heights of both tones became larger.

The size effect has also been observed with other stimuli

than numbers. For example, Fias et al. (2003) obtained a size

effect when subjects compared pairs of angles or pairs of lines.

When grouping reaction times (RTs) on the basis of the size of

the smallest angle (or line) in the pair, participants responded

significantly slower with increasing size (or length).

The same is true for the SNARC effect. Although initially

the SNARC effect was found exclusively with numbers as

stimuli, later studies showed that non-numerical magnitude

information is also spatially coded (see Table 2). For instance,

Rusconi et al. (2006) found evidence that the height of tonal

information (pitch) is also spatially represented, resulting in the
Authors

Dehaene et al. (1993) and Fias et al. (1996)

g Fias et al. (1996)

n Fias et al. (2001) and Lammertyn et al. (2002)

Fias (2001)

dard Gevers et al. (2004)

dard Bächtold et al. (1998)

dard Bächtold et al. (1998)

dard Gevers et al. (2003)

dard Gevers et al. (2003)

dard Rusconi et al. (2006)
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so-called SMARC effect (Spatial-Musical Association of

Response Codes).

2.2. Interaction between symbolic and non-symbolic

quantities: the size congruity effect

Showing that homologous effects occur both with numerical

and non-numerical quantities does not necessarily imply that

both types of magnitude use shared representations. A more

convincing finding would be that numerical and non-numerical

quantities interact with each other. This is exactly what is found

with the size congruity paradigm (Algom et al., 1996; Cohen

Kadosh and Henik, 2006; Cohen Kadosh et al., 2007e; Fias

et al., 2002; Henik and Tzelgov, 1982; Hurewitz et al., 2006;

Pansky and Algom, 1999; Schwarz and Ischebeck, 2003;

Tzelgov et al., 1992). In this Stroop-like task, numerical and

physical dimensions are varied independently. Suppose that

two digits are presented and participants are asked to decide

which digit is physically larger while ignoring the numerical

values. Commonly, participants cannot ignore the numerical

values, which interfere with their physical judgments. That is,

participants usually respond slower to incongruent pairs (e.g., 2

4) than to congruent pairs (e.g., 2 4). The same effect is also

observed when participants are asked to carry out the opposite

task (i.e., compare the numerical value while ignoring the

physical size). Furthermore, Cohen Kadosh and Henik (2006)

showed that the interaction between symbolic and non-

symbolic quantities is also present between luminance and

numbers (although it can be concluded from a recent study

(Cohen Kadosh et al., in press-b) that the degree of contrast

rather than luminance was manipulated). Together, the multiple

findings of the size congruity effect with and between different

dimensions suggest that different types of magnitude tap the

same magnitude mechanism. Moreover, the distance and the

size effects are believed to reflect a process that is derived from

the mental number line (Moyer and Landauer, 1967). Hence,

additional support for the suggestion that different dimensions

interfere with each other as a result of a shared magnitude

processing is given by the interaction of the size congruity

effect with the distance effect (Cohen Kadosh and Henik, 2006;

Cohen Kadosh et al., 2007e; Girelli et al., 2000; Henik and

Tzelgov, 1982; Schwarz and Heinze, 1998; Schwarz and

Ischebeck, 2003; Tzelgov et al., 1992), and the size effect

(Pinhas et al., submitted for publication).

2.3. Summary

Together, the observation of similar effects suggests that the

semantic representation of numbers is shared with other non-

numerical magnitude dimensions. However, the question is

whether this is sufficient evidence. An alternative explanation

could be that different quantity dimensions (numerical and non-

numerical) do not share an internal representation, but share

mechanisms operating on these representations (e.g., the

comparison mechanism). From this point of view, effects like

the distance effect or the size effect do not have to emerge at the

level of the representation. Namely, they might originate at the
level of transition from representation towards the decision and/

or response selection stage where comparison takes place (for

the distance effect see Cohen Kadosh et al., in press-a; for the

size effect see Verguts et al., 2005; but see Cohen Kadosh et al.,

in press-c, for challenging this view by supporting the idea that

the size effect originates at the level of the representation).

Therefore, the question whether numbers are special is

difficult to answer on the basis of behavioral data alone. A

complementary way to investigate the assumption of a distinct

representation versus the supposition of a shared representation

is by looking at the neural substrate underlying the processing

of symbolic and non-symbolic quantities.

3. Neuroimaging debates

While RT data certainly are informative in the shared versus

distinct representation discussion, they might be insufficient to

make a real distinction. This is so because stimuli yielding similar

response functionscanstill, theoretically, beprocessed bydistinct

mechanisms (Rumelhart and McClelland, 1986). As we will

show here, the usage of imaging techniques is of fundamental

importance in this respect and can provide information as well as

distinguish between these psychological theories.

It is well documented that the intraparietal sulcus (IPS) is

involved in processing numerical magnitude (for reviews see

Brannon, 2006; Dehaene et al., 2003). It might well be that the

IPS is used for coding magnitude in general (Walsh, 2003),

whether numerical or non-numerical. Alternatively, the neural

populations implementing different magnitudes might be

separated (although they can overlap in an imaged voxel,

e.g., Cohen Kadosh et al., 2007b). That is, neurons coded for

numbers might respond exclusively to numbers.

3.1. Evidence for overlap in the neural code for different

magnitude dimensions

Several studies argue that the same neural code is shared

between different magnitude dimensions because the IPS is

equally active when comparing different kinds of magnitudes,

not only numbers. For instance, in a positron emission

tomography (PET) study, Fias et al. (2003) compared the

IPS response to symbolic magnitude representations such as

numbers with non-symbolic magnitude representations such as

line lengths and angles. In addition, in a functional magnetic

resonance imaging (fMRI) study, Cohen Kadosh et al. (2005)

compared IPS activation while participants compared two

digits on their numerical values, their height, and their

luminance. Both studies found that the posterior part of the

left IPS was activated by all the comparison tasks. Moreover, in

the latter study, the same cluster was also modulated by

numerical distance effect, size distance effect, and luminance

distance effect. Hence, these studies, by using different stimuli

and imaging methods, provided converging evidence for the

existence of a shared magnitude neural code.

Although these studies support the idea of a shared

magnitude code related to the IPS, they also challenge it by

finding a greater activation for numbers in the anterior part of
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the left IPS. However, this finding does not necessarily imply

that the anterior part of the left IPS hosts a specific

representation of numbers. It could be that such higher

activation was due to more cognitive resources for number

processing in the anterior IPS (see Section 3.3). For example,

Zorzi and Butterworth (1999) suggested that the discrete

numerical representation calls for higher processing require-

ments compared with the analogue representation of physical

size. Hence, this activation would not necessarily be magnitude

related but stimulus related.

Similar IPS activation patterns, like the one that is observed

with numerical tasks, have also been related to response

selection demands (Bunge et al., 2002; Cohen Kadosh et al.,

2007d,g; Corbetta and Shulman, 2002; Jiang and Kanwisher,

2003). Such a possible explanation was studied directly by

Göbel et al. (2004). In their study, participants compared

different numbers to a standard (e.g., the digit 5). The control

tasks – detecting the presence of a vertical line in numerical or

non-numerical stimuli (i.e., line-detection tasks) – were

matched for response selection (as indicated by RT) to the

numerical comparison task. The results indicated that there

were no IPS regions specific for numerical comparison when

contrasted with the line-detection task. Such a result seems to

question the implication of the IPS in numerical processing, as

well as in any task involving a magnitude judgment. However,

the control tasks used in this study involved some orientation

components, which might have activated the IPS (Fias et al.,

2002, 2003). This is in line with the suggestion that the IPS is

involved in visuospatial abilities (Cohen Kadosh et al., 2007d;

Fischer et al., 2003; Hubbard et al., 2005; Vuilleumier et al.,

2004; Zorzi et al., 2002), which are also implicated in number

processing (see the SNARC effect in Section 2.1). Therefore, it

is not clear whether the lack of number-specific activation was

due to controlling for response selection per se. An alternative

suggestion is that the lack of number-specific activation was

due to the involvement of visuospatial processing, which is part

of the numerical characteristics, in the control task.
Fig. 1. A meta-analysis of the reported studies in Sections 3.1 and 3.2. The activation

right hemispheres. Studies that supported the existence of a distinct magnitude repre

supported the existence of shared magnitude representation. The circle in black prese

white circle represents the average coordinates based on the studies in the current

(2007c); brown: Shuman and Kanwisher (2004); green (dark): Kaufmann et al. (200

Kadosh et al. (2005); pink: Eger et al. (2003); purple: Castelli et al. (2006); red: Fia

(2004).
Similar to Göbel et al.’s (2004) study, Shuman and

Kanwisher (2004) conducted a series of experiments in order

to test the specificity of the IPS for numbers. However, they

failed to find a unique activation for non-symbolic numbers

(dots array, i.e., numerosity) when contrasted with non-

magnitude tasks. In Experiment 1, numerical comparison did

not show a higher activation in the IPS as compared to color

comparison. In Experiment 2, numerosity did not cause fMR

adaptation (a reduction in the fMR signal due to the adapted

neuronal population when the same stimulus was presented

repetitively (Grill-Spector et al., 2006; Grill-Spector and

Malach, 2001)) in the IPS. In Experiment 3, comparison of

the numerosity of a flash sequence and a dot array versus color

comparison did not yield higher activation in the IPS. These

results challenge the hypothesis that numerosity is encoded in

the IPS by a distinct magnitude representation. Moreover, it is

assumed that numerical representation is notation and modality

independent (i.e., abstract representation; Brannon, 2006;

Dehaene, 1992; Dehaene et al., 1998; McCloskey, 1992).

Therefore, this result challenges the idea of a distinct

magnitude representation for numerosity in particular, and

numbers in general (e.g., digits, number words, numerosity)

(but see Piazza et al., 2007). However, it is important to note

that in other studies, numerosity adaptation (Cantlon et al.,

2006; Piazza et al., 2004), and distance effects (Ansari et al.,

2006a) have been observed using similar adaptation paradigms,

questioning the absence of any effect in Experiment 2. In

addition, the null result in Experiments 1 and 3 can be explained

by the comparison of colors according to their luminance level,

which might activate the same area as for numbers (Cohen

Kadosh et al., 2005) (Fig. 1) (see Castelli et al., 2006; Nieder,

2004, for additional explanations).

To sum up, these studies support the idea that the brain uses

the same structures to process all types of magnitudes,

independently of the input format. That is, coding in the IPS

seems to be for domain-general magnitudes. Alternatively, it is

also possible that the magnitudes themselves are represented in
in each study was projected on a flatted population-averaged brain of the left and

sentation are symbolized by a sphere. The square shape symbolizes studies that

nts the coordinates mentioned in the review study by Dehaene et al. (2003). The

review. Color codes—black: Dehaene et al. (2003); blue: Cohen Kadosh et al.

5); green (light): Göbel et al. (2004); olive: Simon et al. (2002); orange: Cohen

s et al. (2003); turquoise: Cohen Kadosh et al. (in press-b); yellow: Pinel et al.
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different areas of the brain, depending on the dimension

considered, but the IPS hosts a common mechanism involved in

processing the comparison between two magnitudes. As all

kinds of magnitudes have analogous properties, and presum-

ably their neural codes have analogous properties as well, it is

highly possible that the mechanisms operating on these

magnitudes are shared across dimensions even if the

magnitudes themselves are implemented by distinct neural

populations.

As previously mentioned in the behavioral section of this

review, a different task that might be used to examine the

uniqueness of numbers is the size congruity task (Cohen

Kadosh and Henik, 2006; Cohen Kadosh et al., 2007e; Henik

and Tzelgov, 1982; Pansky and Algom, 1999; Schwarz and

Ischebeck, 2003; Tzelgov et al., 1992). The slowing down of

responses (i.e., the size congruity effect) by the irrelevant

dimension suggests that processing of numerical and physical

dimensions overlap up to a certain point, when selection of the

relevant dimension occurs. By pinpointing the stage and the

brain area at which conflicts occur, it is possible to differentiate

brain areas that are highly specialized from those that are

common to several processing streams.

Previous results showed that the interaction between

physical and numerical magnitude occurs in the IPS. Namely,

fMRI studies revealed that the IPS is modulated both by the

distance effect and by the size congruity effect (Kaufmann

et al., 2005; Pinel et al., 2004; Tang et al., 2006; although see

Ansari et al., 2006b, for different results with number words).

For example, Pinel et al. (2004) were the first to use the size

congruity paradigm with fMRI, by scanning subjects while they

compared size, number, and luminance, which varied

orthogonally. They found that the IPS was modulated by both

size, and numerical distance effects, with close but not identical

peaks of activation. Moreover, the difference between number

and size in the IPS was not significant. However, this lack of

difference might be due to the fact that manipulation of

numerical and physical size occurred continuously and

simultaneously. Importantly, size and numbers caused a mutual

interference (size congruity effect) at the behavioral and

functional levels. Another study found that the interference

between numbers and other magnitudes in the IPS is not

confined to magnitude with spatial characteristics (i.e., physical

size), but also to magnitudes without spatial characteristics

(Cohen Kadosh et al., in press-b).

In addition, in an event-related potentials (ERPs) study

(Schwarz and Heinze, 1998) it has been shown that the

interaction between the physical and numerical dimensions in

the size congruity task occurs in pre-response stages.

Specifically, the interaction between the physical and numerical

magnitudes, as evidenced by the size congruity effect, was

reflected by the P300, which indicates a stimulus evaluation and

categorization (Kok, 2001; Linden, 2005). In addition,

transcranial magnetic stimulation (TMS) to the right IPS of

healthy adults reduced the size congruity effect, independent of

whether subjects compared the numerical value (and ignored

the physical size), or compared the physical size (and ignored

the numerical value) (Cohen Kadosh et al., 2007d). Previous
studies suggested that difficulties with numerical processing in

participants with developmental dyscalculia can be attributed to

the right parietal lobe (Geary, 1993; Molko et al., 2003; Rourke,

1993). Importantly, the same results were also obtained when

participants with developmental dyscalculia performed the

same task (albeit without TMS) (Cohen Kadosh et al., 2007d).

Therefore, the automatic processing of numerical value or

physical size seems to be equally impaired due to structural

abnormality, or stimulation, of the IPS. Together, these results

indicate that the IPS hosts a representation of magnitude that is

shared by numbers and other dimensions.

These disparate lines of research converge on the conclusion

that the human brain is equipped with a shared mechanism to

compare numbers and other magnitudes. Moreover, the

interference reported between the processing of numbers and

other types of magnitudes in the IPS supports the idea that the

neural population encoding these magnitudes overlaps, at least

partly, in this brain area.

3.2. Evidence for separate neural codes for different

magnitude dimensions

The shared activation of the IPS by different magnitude

dimensions in addition to numbers might suggest a shared

representation for magnitude. However, ‘‘Absence of evidence

is not evidence of absence’’ (Altman and Bland, 1995;

Wilkinson and Halligan, 2004). It might be that a representation

for each type of quantity exists, but that most of the different

experiments that we reviewed so far were not sensitive enough

to capture these dissimilarities.

Simon et al. (2002) found a mosaic of distinct specialized

areas in the IPS, including a region for the manipulation of

numerical quantities. Functional magnetic resonance images

were collected while subjects performed six different tasks:

grasping, pointing, saccades, attention, calculation, and

phoneme detection. The only area that showed a preference

for the calculation task was the anterior part of the left IPS,

similar to other later findings (Cohen Kadosh et al., 2005; Fias

et al., 2003). One could argue that such activation might be the

result of digital representation, which is used for counting

(Butterworth, 1999; Di Luca et al., 2006; Göbel et al., 2004;

Kansaku et al., 2006), and not from a numerical representation

per se. However, the results from control tasks of grasping and

pointing, which used digital movement, refute such an

argument. Moreover, no area in the parietal lobe showed a

joint activation for calculation and grasping, thus, challenging

the idea of digital representation as being part of numerical

processing (Butterworth, 1999; Di Luca et al., 2006). However,

it should be noted that the calculation task yielded the slowest

RT among all tasks. This in turn could present a confound

between the numerical processing (calculation in this case) and

response selection demand (Göbel et al., 2004).

In the absence of a magnitude judgment task, numbers have

been found to activate the IPS, in contrast to control stimuli of

letters and color patches (Eger et al., 2003). As in numbers, an

ordinal component is inherent in letters (A comes before B),

and thus letters constitute a particularly well-matched control
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stimulus for numbers. Eger and colleagues tested participants

while measuring the percent signal change of blood oxygena-

tion under target detection of numbers, letters or colors, with

visual and auditory presentation. For example, participants had

to indicate the presence of a target letter while ignoring other

non-target letters. The analysis included only the non-target

stimuli in order to avoid any confound with the oddball effect

that yielded activation in the parietal lobes (Bledowski et al.,

2004; Linden, 2005). By using this method, a difference of

activation in the brain could not be attributed to components

such as response selection. The results indicated greater

activation in both the left and right IPS for numbers compared

to letters or colors. However, a possible explanation for this

exclusive numerical activation can be found in the automaticity

of number processing. Namely, the magnitude of numbers is

automatically processed even when not relevant to the task, as

indicated, for example, by the size congruity effect (Cohen

Kadosh and Henik, 2006; Cohen Kadosh et al., 2007e; Henik

and Tzelgov, 1982; Pansky and Algom, 1999; Schwarz and

Ischebeck, 2003; Tzelgov et al., 1992). In contrast, the degree

of automaticity for letters is much smaller than for numbers

(Gevers et al., 2003). Hence, such additional activation for

numbers can be explained by the fact that domain-general

representations of magnitude were automatically accessed in

response to numerical stimuli, but not other stimuli.

In a recent fMRI study, Castelli and colleagues examined

directly whether there is a specialized mechanism for

processing ‘‘how many’’ as compared to ‘‘how much’’ by

using non-symbolic stimuli (Castelli et al., 2006). They

displayed matched pairs of discrete (i.e., countable) and

analogue (i.e., non-countable) stimuli that varied in time or

space, while participants had to compare the stimuli according

to their color (Which presentation includes more blue or more

green?). Although all the stimuli could be processed according

to their magnitude, it was found that countable stimuli resulted

in stronger IPS activation compared to non-countable stimuli.

This result suggests the existence of distinct magnitude codes in

the IPS. Nonetheless, the distance effect, which was

manipulated in this study, did not show modulation in the

countable distinct magnitude clusters. In order to prove that an

area is specialized in magnitude processing, it should show not

only task-specificity but also effect-specificity, for example, a

modulation of the distance effect (Cohen Kadosh et al., 2005).

Such a conjunction of task-specificity and distance effect would

add additional support to the conclusion that this area is

involved in magnitude processing, as reflected by the distance

effect, and not another cognitive operation. Hence, although the

study by Castelli and colleagues was well controlled for various

artifacts, it does not allow us to draw strong inference as to the

existence of distinct magnitude codes in the IPS. Namely, the

differences between the tasks, while not showing any distance

effect, might not necessarily have reflected differences in the

magnitude representation per se.

An alternative approach is to look at a later stage than the

magnitude representation stage and see whether numbers and

other dimensions activate different response streams, thus

indicating that they were processed separately in the previous
stages. In a combined fMRI and ERP study (Cohen Kadosh

et al., 2007c) it has been shown that the interaction between size

and numerical magnitude, as indicated by the size congruity

effect, modulated activity in the IPS, similar to previous studies

(Kaufmann et al., 2005; Pinel et al., 2004). However, numerical

and size magnitudes were found to interact in the primary motor

cortex also. Namely, a region of interest (ROI) analysis of

motor cortex activity revealed aberrant activation of the

ipsilateral (irrelevant hand) motor cortex in the incongruent

condition. Thus, the neural signature of interference was traced

up to the motor cortex. However, in the ERP experiment, the

effect of cognitive load was examined, in order to probe the

degree to which information processing was shared across

cognitive systems; with cognitive load operationalized as the

numerical distance between the compared numbers (large

numerical distance, low cognitive load; small numerical

distance, high cognitive load). The fMRI results were supported

by a clear effect in the electrodes above the motor cortex (the

so-called, lateralized readiness potential (Gratton et al., 1988)).

However, such late interaction between numerical value and

physical size was found only in the low cognitive load

condition. In contrast, in the high load condition, physical and

numerical dimensions interacted only at the comparison stage,

as indicated by the P300, as in previous studies (Schwarz and

Heinze, 1998).

These results seem to indicate that when the processing of

both the relevant and irrelevant dimension is relatively easy

(i.e., low cognitive load condition), both numerical value and

physical size are processed in parallel until response-related

stages. While this observation does not necessarily mean that

the conflict is resolved at a later response-related stage, it does

indicate that both dimensions produce their magnitude in

parallel. This finding supports the hypothesis that the human

brain has distinct magnitude representations. However, the

results also point to the existence of a shared magnitude

representation; when the processing of the relevant and

irrelevant dimensions is relatively difficult (i.e., high cognitive

load condition), the conflict between numerical value and

physical size seems to be resolved already at the comparison

stage. This might be because the capacity of the strictly

number-specific parts of the parietal cortex is exceeded,

requiring the recruitment of areas that are dedicated for other

magnitudes, such as physical size. Together, these results

suggest that the processing of magnitude is supported by both

shared and distinct neural substrates. However, the usage of

each mechanism depends on task requirements. This idea fits

with previous evidence that humans generate numerical

representations according to task requirements (Fischer and

Rottmann, 2005; Shaki and Petrusic, 2005), and that more than

one type of representation can co-exist (although not

necessarily at the same time (Cohen Kadosh et al., 2007a)).

Note also that the idea of shared and distinct representations for

size and numbers is in line with Pinel et al.’s (2004) proposal,

who found close but not identical activation peaks for size and

numbers in the IPS (although no significant differences were

observed between size and numbers in the IPS). However,

looking at a later stage of processing (response selection) as in
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Cohen Kadosh et al.’s study (2007c) strengthens the idea that

the close activation peaks in Pinel et al.’s study (2004) might

have been due to separate representations rather than more

overspread activation for general magnitude that included

numerical representation. In other words, theoretically,

different but overlapping activation peaks could be derived

from one representation being a subgroup of another

representation, rather than independent representations.

3.3. A meta-analysis of the neuroimaging studies

In order to further explore the question of specialization in

the parietal lobes, we projected the activation from all the

above-mentioned imaging studies onto a population-averaged

human brain by using Caret (http://brainmap.wustl.edu/caret,

Van Essen et al., 2001), and SumDB (http://sumsdb.wus-

tl.edu:8081/sums/directory.do?id=636032, Van Essen, 2002).

The spatial distribution of the different studies in the IPS is

presented in Fig. 1 (see also Table 3) and gives a strong

impression against a systematic division between studies that

support the idea of distinct magnitude representation (spheres)

and studies that support the idea of shared magnitude

representation (squares). We further examined this issue by

using inferential statistics. First, we transformed all the studies

that used different stereotaxic space to a common stereotaxic

space (i.e., according to Talairach and Tournoux, 1988). Next,
Table 3

Activation foci for the meta-analysis presented in Fig. 1

Reference Are numbers

special?

Task

Fias et al. (2003) No Number and line and ang

Cohen Kadosh et al. (2005) No Number and size and lum

Göbel et al. (2004) No Numerical comparison an

Shuman and Kanwisher (2004) No Number processing vs. sh

Pinel et al. (2004) No Size congruity effect (num

Cohen Kadosh et al. (2007c) No Size congruity effect (num

Kaufmann et al. (2005) No Number and size distance

Cohen Kadosh et al. (in press-c) No Size congruity effect (num

Mean No

S.D. No

Simon et al. (2002) Yes Calculation

Eger et al. (2003) Yes Number vs. letter and col

Fias et al. (2003) Yes Number vs. line and angl

Cohen Kadosh et al. (2005) Yes Number vs. size and lumi

Castelli et al. (2006) Yes Discrete processing vs. an

Cohen Kadosh et al. (in press-c) Yes Size congruity effect (num

Mean Yes

S.D. Yes

Overall mean

Overall S.D.
we entered all activations in the parietal lobes, separately for

left and right hemispheres, into a 3 � 2 analysis of variance

(ANOVA), with Talairach coordinates (TCs; X, Y, Z) and

evidence for numerical specialization (yes, no) as factors. The

main effect for specialization, as well as the interaction between

TC and specialization, was far from significant (all F

values < 1; all p values > .4).

In addition, we also examined whether our meta-analysis

corresponded to a previous meta-analysis in the field (Dehaene

et al., 2003). For the right hemisphere, it seems that both our

coordinates and the ones obtained by Dehaene et al. fall in close

proximity. This is not the case for the left hemisphere. The

emergence of this difference might have multiple sources: The

meta-analysis by Dehaene et al. (2003) included different tasks.

In total, only four studies in their analysis involved comparison

of quantity tasks. In the current analysis, we used a larger

amount of studies, which is more homogenic in terms of the

tasks used.

The lack of any spatial organization in studies that provided

support for or against the idea of distinct magnitude

representation might be due to several reasons. First, as shown

by part of the neuroimaging studies that we presented above,

the neuronal populations for different magnitude dimensions

are closely localized, and only sophisticated techniques/

analysis can disentangle the different magnitudes. Second,

we believe that the different tasks that were used could lead to
Coordinates of maxima

Left Right

X Y Z X Y Z

le comparison �36 �63 57 n.s.

inance distance effect �24 �58 38 n.s.

d response selection �28 �44 48 n.s.

ape/color processing �27 �62 34 50 �32 51

bers & size) �48 �36 50 51 �29 47

bers and size) �37 �37 43 38 �44 45

�26 44 �55 25 �65 38

effect �24 �56 51 28 �40 46

bers and luminance) n.s. 35 �43 35

�31 �51 47 38 �42 44

8 11 7 11 13 6

�48 �40 50 51 �40 50

or target detection �32 �45 32 32 �55 30

e comparison �32 �50 52 34 �60 40

36 �35 44

nance comparison �25 �56 43 n.s.

alogue processing �24 �44 46 32 �53 50

bers and luminance) n.s. 32 �53 39

�32 �47 47 36 �49 42

9 6 8 7 9 7

�31 �50 45 37 �46 42

8 9 7 9 11 6

http://brainmap.wustl.edu/caret
http://sumsdb.wustl.edu%3a8081/sums/directory.do%3Fid=636032
http://sumsdb.wustl.edu%3a8081/sums/directory.do%3Fid=636032
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different foci of activation (Cohen Kadosh et al., 2007a, in

press-b; Orban et al., 1996), and therefore obscure spatial

distribution in studies that gave support for or against the

existence of distinct magnitude representation. Our last point is

a methodological problem: different analyses can lead to

different foci of activation (e.g., Cohen Kadosh et al., 2007b, in

press-b).

To sum up, the results reviewed so far suggest that the IPS

hosts overlapping domain-general and domain-specific neural

populations in human adults for numbers and different

magnitudes. The next section will examine the question of

neuronal specialization for numerical processing from devel-

opmental and comparative perspectives. However, before we

proceed to the next section we would like to give a short

comment on methodological issues.

3.4. A comment on methodology: do similar reaction times

across tasks reflect identical cognitive resources?

It is a commonly held view among cognitive psychologists

and neuroscientists that in order to examine the commonalities

and differences among dimensions and tasks, RT and accuracy

should be equal across tasks. Equalizing the RTs is believed to

keep the mental effort the same for different tasks. This is a

critical point for imaging studies since some brain areas,

especially the IPS, show modulation as a function of increased

task difficulty (e.g., Göbel et al., 2004). However, there are at

least two ways to match reaction times. One is to match the RT

for each subject by conducting an individual pilot study prior to

the experiment (Pinel et al., 2004). A second way is to match

the overall RT for the group of subjects based on a pilot study of

different subjects (Cohen Kadosh et al., 2005). While the first

method is superior since it leads to equal RTs at the individual

level and therefore at the group level, the second method

reduces other factors such as training that can alter or affect the

activations of interest (Cohen Kadosh et al., in press-b;

Poldrack, 2000).

Another logic problem is the tendency to assume that

comparable RTs between tasks reflect identical cognitive

resources for each component within the tasks (e.g., the same

response selection demands). It could be that one task

involves greater cognitive resources at stage X and less at

stage Y, while another task requires less cognitive resources

at stage X and more at stage Y. The overall RTs in these cases

would be similar, but the degree of neuronal activity at the

different stages would be different. For example, in the

aforementioned studies of Cohen Kadosh et al. (2005) and

Pinel et al. (2004), it could be the case that physical size

required more effort (and time) to be recognized while

numbers took more effort (and time) to be compared. Such

an assumed pattern could, in theory, explain why a stronger

activation was found for size comparison in the occipito-

temporal areas (Cohen Kadosh et al., 2005; Pinel et al.,

2004), and for numbers in the IPS (Cohen Kadosh et al.,

2005; Fias et al., 2003; Tang et al., 2006). It is hard to

disprove this claim by using fMRI alone, which has a coarse

temporal resolution. To find an answer to this problem, using
other techniques with an excellent temporal resolution, such

as ERP, will be essential.

4. Comparative and developmental debates

Human infants and animals represent numerosities in a

similar format to that of human adults (Cantlon and Brannon,

2006; Dehaene, 1997). For example, a distance effect for

numerosities, similar to the effect exhibited by adults, has also

been observed in animals (Brannon and Terrace, 1998; Cantlon

and Brannon, 2006), and human infants (Lipton and Spelke,

2003; Xu and Arriaga, 2007; Xu and Spelke, 2000).

Furthermore, some recent imaging results have revealed a

developmental continuity in the neural substrate underlying

numerosity processing, with a sensibility to numerosities in the

right IPS in 4-year-old children (Cantlon et al., 2006), and

activation of the left IPS increasing over development (Ansari

and Dhital, 2006; Rivera et al., 2005). In the macaque, number

sensitive neurons have been recorded in a possible homologue

of this area (Nieder et al., 2006; Nieder and Miller, 2004; for

reviews see Brannon, 2006; Dehaene et al., 2004; Nieder,

2005). However, even if infants and animals use the same brain

structures to represent numbers, the finer neural structures

might not resemble the functional organization of the IPS in

human adults. Whereas the results reviewed so far suggest that

the IPS hosts overlapping domain-general and domain-specific

neural populations in human adults, these neural populations

might not develop at the same time in children.

Beside the traditional question whether infants and animals

can represent numbers at all, the proposed co-existence of

shared and distinct magnitude representations in adults thus

raises a new question about the development and evolution of

numerical processing; namely, which mechanism develops

first? One possibility is that shared magnitude representations

are present before specific representations. In this case, various

magnitudes are represented from infancy, with an archaic,

preliterate, non-symbolic system that processes magnitude in

general. Later on, the child would develop neuronal circuits

dedicated to numerical information, with a possible role of

symbolic numerical representations and language (Carey,

2004). This idea is analogues with the Interactive Specializa-

tion view (Cohen Kadosh and Johnson, 2007; Johnson, 2001)

on human functional brain development. As was implemented

in other fields in neuroscience that examined neuronal

specialization (e.g., face perception), it might be that at the

beginning of the development there is a lack of neuronal

specialization for magnitude representation. Later, following

interactions between different cortical and sub-cortical areas

there will be increased selectivity (fine tuning) in the activation

of neuronal substrates in the IPS for specific magnitudes.

However, it might be that following cognitive load the

recruitment of other magnitude representations, which follows

similar principles of representations, occurs.

Alternatively, it may be that specialized representations

develop first in the human brain, and shared magnitude

processing mechanisms emerge later, as an economical solution

making use of the high similarity between the different
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magnitude representations. As for animals, they may have the

same mechanism for either shared or distinct numerical

representations as infants and young children, or both systems

like human adults, unless language and symbols are a

prerequisite for the human brain maturing to the adult state.

4.1. Evidence from the comparative literature

The question whether numerical representation is domain-

specific in animals was addressed in the 1980s by Meck and

Church (1983), who suggested that time and numerosity are

processed by the same mechanism. They trained rats to

associate two auditory sequences, differing both in number of

elements (2 vs. 8) and in time (2 s vs. 8 s), to two different

levers. In two different subsequent sessions, they tested how

rats would generalize their responses to stimuli of intermediate

numerosity or time. In the numerosity condition, all the test

stimuli had the same time but varied in numerosity, whereas in

the timing condition, the stimuli all had the same numerosity

but varied in time. For each trial, rats had to select one of the

two levers they were previously trained with, thus indicating

whether they represented the current test stimulus as more

similar to the smallest (shortest) of the stimuli presented in the

training phase or to the largest (longest) one. The response

curves obtained in the timing and numerosity conditions were

strictly identical, in line with Meck and Church’s hypothesis of

a shared mechanism for time and numerosity. Perhaps more

convincing, in subsequent experiments they investigated the

effect of methamphetamine on the rats’ judgments of time and

numerosity (Church and Meck, 1984). The drug induced a bias

in perception, which still resulted in strictly identical response

curves between numerosity and time. This last result strongly

supports Meck and Church’s interpretation that number and

time processing rely on the same mechanism.

Gallistel and Gelman (2004) adopted a more radical

interpretation of Meck and Church’s (1983) and Church and

Meck’s (1984) results. They proposed that time and numbers

are actually represented in the same format, that is, as

continuous quantities (real numbers) (Gallistel and Gelman,

2004). Besides Meck and Church’s results, Gelman and

Gallistel’s hypothesis was also inspired by the ability of rats to

combine information of number and time, for example, when

rats computed a rate from duration and numerosity, or

multiplied a rate by a reward magnitude to estimate the

amount of expected reward (Leon and Gallistel, 1998).

At the brain level, neurons sensitive to numerosity have been

observed in the macaque’s brain, in the IPS and also in the

prefrontal lobes (Nieder et al., 2002, 2006; Nieder and Miller,

2003, 2004; Roitman et al., 2007). Each of these neurons is

tuned to a preferred numerosity value (e.g., 4), but also fires

when close numerosities are presented (3 and 5, 6), and thus

represent numbers only approximately, in a format which

would be suitable to encode continuous quantities. Recently,

Tuduscius and Nieder (2007) tested whether the numerosity-

sensitive neurons in the IPS were also sensitive to line length (a

continuous variable). They found that the populations encoding

these two attributes overlapped partially: 11.5 and 10% of the
neurons were activated for physical size and numerosity,

respectively; whereas, 3.5% fired for both physical size and

numerosity. These results are in accordance with the presence

of partially overlapping populations for numerosity and other

dimension in the IPS of human adults. However, a possible

drawback in the case of neurophysiological experiments, as

well as with most animal studies, is that the monkeys must

undergo massive training prior to the experiments, which might

cause changes in neuronal tissue during this time (e.g., Pascual-

Leone et al., 2005; Poldrack, 2000; but see Roitman et al.,

2007).

In summary, the current behavioral, pharmacological and

neurophysiological data seem to support the idea that for

animals, numbers are not special in the sense that the same

format of representation seems to be used for discrete

numerosity as well as for any continuous quantity. More

precisely, single-cell neurophysiology data reveals a functional

organization close to the situation in human adults: different

types of magnitudes are represented by partially overlapping

and partially distinct populations of neurons.

4.2. Evidence from the developmental literature

4.2.1. Infants’ sensitivity to numerosity versus non-

numerical continuous magnitudes

Until very recently the question whether numerical

representations in infants are unique or shared with other

magnitude dimensions has not been investigated. Instead, since

Piaget’s pioneer work on young children’s judgment of equality

(Piaget, 1952), research has focused on the ability of children

and infants to estimate the numerosity of sets, and on whether

their numerical representations are abstract or depend on the

modality of presentation of the stimuli (Barth et al., 2005).

In this vein, a related question was whether infants would

still succeed in extracting numerosity in some extreme

conditions when non-numerical magnitude-related parameters,

such as total amount of substance in the display, or size of each

element, were controlled. In this line of research, infants as

young as 6 months old have been found to be sensitive to

variations in numerosity when either the total amount of

substance, the total contour length (Xu and Spelke, 2000; Xu

and Arriaga, 2007) or both (McCrink and Wynn, 2004) are

controlled. However, because of the severe constraints inherent

in developmental research, and despite extreme precautions

taken by the authors, in any study it is always possible to extract

a non-numerical parameter that is actually confounded with

number (Mix et al., 2002), and this leaves open the possibility

that infants do not represent numerosity per se, but instead they

might always represent general non-numerical magnitude,

through a combination of several magnitude cues (e.g., total

area, total contour length).

Some observations support the interpretation that infants

might not represent numerical information per se, at least in the

small number range. For instance, infants habituated to a given

numerosity (either 2 or 3) do not react to a change in numerosity

when the total continuous extent of the display is held constant

(Clearfield and Mix, 1999; Feigenson et al., 2002); rather, they
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react when the total continuous extent changes, even when

numerosity stays constant. On the other hand, Brannon et al.

(2004) have applied the same paradigm to large numerosities

and observed a reaction to numerosity but no reaction to the

continuous extent, thus showing that numerosity is more salient

than non-numerical quantities for arrays containing large

number of items. Also in the small number range, Feigenson

(2005) discovered that infants can be driven to attend to

numerosity over continuous extent, when the elements of the

displayed sets present noticeable individual features, such as fur

or antennas on characters. These last results show that infants

can encode numerical information for sets of any size, as well

as the total continuous extent of the sets, for small sets only.

However, in the conditions used in most experiments (arrays of

similar objects), numerical information is not salient to them;

therefore they do not respond to number.

Finally, infants’ performance when discriminating numer-

osities has been found to converge across modalities and for

very different types of displays (simultaneously presented

visual arrays vs. auditory sequences). These results support the

hypothesis that infants can represent numerosities and not only

continuous attributes. In the visual modality, infants discrimi-

nate large numerosities, and their performance depends on the

ratio between the numbers to be discriminated (Xu and Spelke,

2000): at 6 months, they can discriminate numerosities in the

visual modality in a 1:2 ratio (16 vs. 32, 8 vs. 16), but they fail to

discriminate 2:3 ratios (16 vs. 24, 8 vs. 12). Infants’

performance is identical in the auditory modality (Lipton

and Spelke, 2003). Moreover, the precision with which

numerosities are discriminated increases with age, with a

similar trend in both modalities (Xu and Arriaga, 2007; Lipton

and Spelke, 2003). In addition, in the small number range,

infants have been shown to be able to compare stimuli across

modalities (visual and auditive modalities: Starkey et al., 1983,

1990; but see Moore et al., 1987; Mix et al., 1997, for failures to
Fig. 2. (A) Convergence in the precision of magnitude representations across dimens

items over familiar ones for numerosities (derived from Xu and Spelke, 2000), size

these three dimensions, infants are able to discriminate magnitudes in a ratio of 1:2

volume. Nine-month-old infants detect a violation in the addition of numerosities (d

violation for an addition of continuous quantities (Huntley-Fenner et al., 2002).
replicate; Kobayashi et al., 2005; visual and haptic modalities:

Féron et al., 2006). The fact that discrimination performance is

identical across modalities might be coincidental or it could

reflect the evolution of a domain-general comparison process.

However, infants’ ability to compare numerosities across

modalities clearly shows that they are representing numer-

osities and not only continuous quantities.

4.2.2. Comparison of infants’ behavior across different

types of magnitudes

Beyond the convergence of performances on numerosities

across modalities, three recent studies have adopted the same

approach to compare representations of magnitude across

dimensions (Brannon et al., 2006; vanMarle and Wynn, 2006;

see also Feigenson, 2007). Brannon et al. studied infants’

ability to detect changes in duration, whereas vanMarle and

Wynn investigated their sensibility to changes in area.

Interestingly, in both these cases, the threshold where infants

started to react to changes corresponded to the thresholds

observed in numerosity experiments (Fig. 2). That is, 6-month-

old infants reacted to a change in numerosity, area or time when

the difference between the two stimuli in each dimension

reached the ratio of 1:2, but they failed to detect this change for

a ratio of 2:3. Furthermore, just as for numbers, the ratio at

which they detected a change in duration evolved with age, with

10-month-old infants able to detect changes with a 2:3 ratio in

duration as well as in numbers (Brannon et al., 2007).

These last pieces of evidence suggest that representations of

magnitude in infants are shared across dimensions, at least

between time, number, and area. However, as for adult and

animal studies comparing performance across different

modalities, these results alone do not specify at which level

these representations converge. One possibility is that all

magnitudes are represented in the same format (shared

magnitude representation). Another possibility is that different
ions in infants. The graphs show 6-month-old infants’ preference to look at novel

(Brannon et al., 2006), and time (derived from vanMarle and Wynn, 2006). For

, but not in a ratio of 2:3. (B) Functional dissociation between numerosity and

erived from McCrink and Wynn, 2004), but 8-month-old infants fail to detect a
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types of magnitude are represented in distinct specific formats,

but then are compared and processed by a common mechanism

(distinct magnitude representations and shared processing

mechanisms).

One way to decide whether different dimensions converge to

a common format of representations, or whether they are

implemented by separate representations but processed by a

single comparison mechanism, is to look for possible functional

dissociations between dimensions. If all dimensions are

implemented in the same format, infants should be able to

perform similar operations on all types of magnitudes. In

particular, since infants are able to add numerosities, including

in the large number range (i.e., up to 10 items) (Wynn, 1992;

McCrink and Wynn, 2004), they should be able to add other

types of magnitudes with the same precision.

McCrink and Wynn’s (2004) demonstration that infants are

able to add numerosities in the large number range used the

following procedure. At the beginning of each trial, infants

were presented with an initial set containing five objects. Then

a screen was raised to hide these objects. While the first set was

hidden, another set with five additional objects was added

behind the screen. At this point, the screen was lowered to

uncover either 10 objects (possible outcome) or 5 objects

(impossible outcome). In this experiment, objects were

constantly changing shape and size to prevent confounds with

the number factor. At 9 months of age, infants looked longer at

the impossible outcome than at the possible outcome.

On the contrary, Huntley-Fenner et al. (2002) tested 8-

month-old infants in an analogue situation involving a

continuous amount and failed to observe a reaction. In their

experiment, infants were first presented with a pile of sand

poured onto a stage. Then a screen was raised to hide the initial

pile of sand, and additional sand was poured at a different

location on the stage. As the screen was lowered, two outcomes

could be revealed: either one pile of sand with the same volume

as the initial one (impossible outcome), or two piles of sand

with the same volume (possible outcome). Infants failed to

detect the impossible outcome trials as such.

These two experiments suggest the existence of a dissocia-

tion at the functional level between the representations of

numerical magnitude and the representations of continuous

magnitude. Therefore, convergence across dimensions for the

discrimination tasks could be explained by the presence of a

shared comparison mechanism, which operates on differen-

tiated magnitude representations. Additional tests are required

to confirm the existence of such a dissociation, with more

systematically comparable situations across experiments. In the

additional experiments cited here, the ratio between the

possible and impossible outcomes was 1:2 in the case of the

number experiment; and 1:2 in volume in the continuous

quantity experiment, which must have resulted in a smaller

ratio for apparent area. Moreover, the two sets were merged in

the number experiments, while the sand was poured into two

separated piles in the continuous outcome experiment. Despite

these differences, the two experiments seem to be comparable

enough to argue in favour of a dissociation between magnitude

representation formats, while the convergence of performance
across dimensions shows the existence of a common

comparison mechanism operating on these dissociated magni-

tude representations.

4.2.3. Evidence for shared mechanisms and

representations in children

In a recent paper, Holloway and Ansari (in press)

compared the developmental trajectory of the distance effect

across several dimensions. They tested the comparison of

numerical quantities presented as digits, and as visual arrays,

as well as the comparison of height and luminance. As age

increased (6–8 years old, and adults), the size of the distance

effect decreased conjointly for all the types of comparisons

tested, suggesting that this evolution reflects the development

of a shared comparison process. However, these results do not

preclude the possibility that different representations do exist,

especially if one assumes that the distance effect does not

reflect mental representation per se (see Section 2). There-

fore, these results are in accord with the convergence

observed in infants’ discrimination of quantities across

several dimensions.

In adults, the most conclusive evidence for a shared

magnitude representation format arises from the interaction

between numerical value and other magnitudes, such as

physical length (e.g., the size congruity effect). These effects

typically involve symbolic numerical representations, and thus

cannot be studied in preverbal infants. In the years following

their learning of Arabic digits, children start to develop the

adult-like effects of interference between space and number.

The SNARC effect has been observed in children aged 9 years

old, but not in younger children (Berch et al., 1999). In the size

congruity paradigm, children show a mutual interference

between size and number starting at the end of first grade when

they have to perform a magnitude comparison (Rubinsten et al.,

2002). However, such a mutual interference is absent at the

beginning of first grade (Girelli et al., 2000; Rubinsten et al.,

2002). These results reflect the slow development of the

automatic association between digits and the quantity they refer

to (see Ansari et al., 2005, for the evolution of the neural basis

of digits comparison in childhood). In order to assess whether

number and other dimensions interfere in children from an

early age, further research needs to investigate the presence of

interference between number and other dimensions using non-

symbolic numerical stimuli (see Hurewitz et al., 2006, for a

study with adults). A first step in this direction revealed that

starting from the age of 5 years old, children process

numerosity in an automatic manner which affects physical

size comparison (Gebuis et al., submitted for publication).

4.2.4. Evidence for shared representation from

developmental synaesthesia

A different way to examine characteristics of magnitude and

numerical representations is to examine people with develop-

mental synaesthesia. Synaesthesia is a case in which certain

perceptual or conceptual stimuli (e.g., numbers) trigger an

additional concurrent experience (e.g., color). Previous studies

suggested that, due to the direct and conscious access to the
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mental representation, synaesthesia can serve as a valuable tool

to inform cognitive theories (Cohen Kadosh and Henik, 2007).

In line with this idea, it was found that people that experience

numbers in colors (digit-color synaesthesia) have a tight

correspondence between the number and the luminance in the

corresponding color that is experienced (Cohen Kadosh et al.,

2007f). Namely, the larger the numerical value, the lower the

degree of the luminance. Importantly, this organization was

based on cardinality (magnitude) rather than ordinality and

follows the Weber–Fechner law, which has been reported

previously for numerical representation in humans and

monkeys (Dehaene, 2003). Notably, the correspondence

between numerical and luminance values was not based on a

comparison task. Rather, the tight link between these

magnitudes was obtained by analyzing the digit and the

corresponding color’s components that the synaesthetes

experienced in their everyday life. This correspondence is

analogous to 2-year-old children who associate brightness with

small objects and darkness with large objects (Smith and Sera,

1992). This might suggest a shared representation of magnitude

in an early developmental stage, which is expressed later in life

in the synaesthetic experience.

5. Conclusions

Behavioral studies suggest that numbers are probably not

special, meaning that their magnitude is processed by means of

domain-general magnitude representations. First, most of the

behavioral effects found with numbers (e.g., distance effect,

size effect, and SNARC effect) can also be obtained with non-

numerical magnitudes. Second, magnitudes based upon

symbolic and non-symbolic quantities can interact and cause

a mutual interference. All these findings suggest the existence

of shared magnitude representation. Converging evidence for

these behavioral results is coming from neuroimaging findings,

which show shared activation patterns for different magnitudes

in the IPS. On the other hand, part of the neuroimaging data also

supports the existence of distinct magnitude mechanisms. In

addition, other neuroimaging studies suggest the existence of

both shared and distinct magnitude mechanisms, where task

demands drive the usage of one or the other mechanism. The

possible co-existence between both types of mechanisms,

pointed out by studies involving human adults, raises the

question of their developmental trajectories. However, few

comparative and developmental studies have addressed this

question. Although human infants and animals have been

shown to process various magnitude dimensions in similar

fashion, to date we do not possess very strong evidence to

decide whether they evoke shared or specific representations, or

both.

Future research in this field is critical for a basic

understanding of the human and the primate brain, and to

broaden our understanding of the neuronal substrates that might

be impaired in some populations (e.g., developmental

dyscalculia (Ansari and Karmiloff-Smith, 2002; Butterworth,

2004; Cohen Kadosh and Walsh, 2007; Cohen Kadosh et al.,

2007d; Wilson and Dehaene, 2007)).
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